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A"~TR'(':f: co:! clathrate hydrate is U cr)'sflllline compound hat can forIn
und.l:f t~.nlwTat""e ~nd pfes.~"fC conditions associated with th Inje(~ti()n and
!i10rage of C01 ill tile deep ocean (~lc)w 500 m), ,\td~pthsbeil\g 'onsidered for
injctt«JI\ of CO2 (bt,t~'een 1,000 Ilnd 1,5(1() mJ, in tbe Ilb~nce of ydrf1te forma-
tion,1hebuoyant CO:! "'ould simply rise as It di.s.'IOlved in 1he sea liter. If. ho\v-
ever. the hydrate phusc form,.., i( ~ill affc(:t this proces"" The i pact cauld bc
pooitive Of negative, dc'pt'ndillg un how hydrate f().rms and wbet er il i~ a.~~oci-
ate(! wilh undj~ulved CO2- This paper summarize,.. experiment' 1 and th('urt't-
icallnrormat1o" reJ~iUng to rormlltioll coI.oitioTIS f(.lr tllc bydru fJ, U.lfJ relative
dt'nsity or lhe byUfJlie, the f.,r.malion or a hydrllle~be.n on drops flii}uld C°.1,
and the rmp:tct that II hydrutr shell bll... on dissulution 0' C( 2' nIt' rutur"
J;["t:t«.lU of thc work ls also briclly drst:rrbcrl.

INTRODUCTION

h()Ccsses for sequestering CO2 in the deep ocean must take in account thc fOT-
nIalit)!) of C~ clathrate hydrate (CO2' nH20; 6<11 < 8). R("f:entl' rts provide new
insights on die casc of formation or hydrates in the decp ocean. lone cu e, severa]
litcrs of liquid CO2 were introduccd into open coatainers located 3t 3,627 In depth
in Monterey Bay.! Hydrate formed rapidly at the seawater/CO2 i terfaee and sank
through the l:>(1Q1 of liquid CO2, which resulted in expansion of th P<XJt beyond the
confinement of the containers. In iint)iher case, Ohmura and Morl cently published
an analy:sis of the mechanical forc,es associated with a hydrutefilm t n seawater/CO2
irlterface 11.1 simililr dcpths.2 Critical eonditiol1s. beyond which suc a film would not
remam :stable at the interface. were described, These ribserl/ution, and calculations
show that a submer:ged CO2 lake could be significAntly disturbed by the formation
of hydrate rAther than being a quiescent 1><)01 slowly di:s:sulving im ) the deep occnn,

Injt,clion of CO";! into the ocean lit shallower depths (below 2.7 nl), where CO2
is less dense wan SCaW:llCr. could also be affected by the formatio ofhydrllt.e.lllc~
oretically. pure hydrate panicles should sink in the ocean.3 Thi wou!d !'l1cilitate
sequestration by lranSI)(>.rting CO:' to even greater depths than u cd for injcctioo.
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However, our prior work has ."hown that various sccnwlo$ arc poss blc al anticipated
injection depili$ (.1,00() m to .1,500 m) depending on the conditi ns under which
hydrates are formed. In one case, hydrate structure.~ th,'\t initially fo cd from a two-
phase system (sC8W4\ter and COil floated in the seawater phase. .J. kely due co CO,>
trapped wit11in the hydrate particles but not incorporated rnto the hydrate 1aUice.;t
Sinular ob..;ervatioos were made in Ute recent experimenlS in ocean.1 If such
floating hydrates form, sequC8trOi.lion would bc advcrsely impacted "cause the CO2
would uJtimately end up at shallower depths than planned orevcn r the itffio...phere.
On Ull: Ql1ler hand, a more dense. sinking hydrate wa~ foroled wh n (-:O;: ..vas first
dissolved in the seawater prior 10 rcaching hydrate-Caroling con itions.4 Another
possiblc occurrence of hydra.lc is a... a thin shell (ill CO2 drops. At ,(){)() m to } ,500
m the shells would not be thick enough to cause any bin the smaUe t drop... t() .~ink'
.In addilio)), shells retard the dissolution of CO,> into ule seawatc and, theret{)TC,
frustrate sequestration by allowing the hydrale-en~a.'ied (~O2 drops t rise to shallow-
er depths."

Undcrstanding hydrate fonnacion oct,'Urrcnccs and processes is ereforc criticaJ
to successfu] rlcploymentof strategics for introducing CO2 into the deep ocean in a
J'uanner that leads to !Qog-tenn $torage of CO2 in the ocean. Th impQrtance of
developing models and scenarios consistent with experimental 0 ..;ervations was
recently pointed out in II review of state-of-the-art hydrate film odc!ing.5 This
paper dcsclibes ob~ervations made in Qur laboratori~~ concerning b rate formation
in seawater. 1nese observations are compared to the !>Tcdictions fro 1 mathemau\.'al
models \I.'C have also developcd.6 I;'inlllly. the future dil'ection of () r experifilenlal
work is briefly described.

EXP.l~Rl!\:IENTAL

Experime.ntaJ obscrvauolls were made using a high-pressure. v riable~v{)lu.lT1c
viewcell (HVVC) of 1() cm3 to 40 cm3 capacity. Thc HVVC was encl $W in a cham-
ber whcrc the temperatW"c could be lllaintaj.llcd in the rcgioll of it terest (O"C to
10°C). I\gitatiof} ill the HVVC wa!\ provided by II gllls$. encased m gnelic stirring
bar. More complete descriptio.ll$ of the HVVC and the basic proced res have hccn
published.3.'~ Genera! PUf!><)SC ,~C3water. ~alinity of :!5. was obl4in from Occan
Scientific tnfe.roational, Ltd., Peters field, Hampshire, U.K. SfC purity (above
99;~~)~;;') CO2 W3,!; u$cd.

Rl'::SU [;r5

Hydl'tlli' roTltmti(Jn frO»I DLssolved (.'°.z

The bulk density of CO2 hydrate i.s affected by the mode of its fo atJon.4 For-
mation from a singlc-'pha.~e solution of C()2 and se:lwalcrresulcs in lh formation of
transpar~nt. sinking hydratcs. Several experiments were perfonned to i vestigale the
Amount of dissolved CO2 required to form hydrate at conditions si ilar to lhose
anticipated for ocean injection at approximately 1,500 m..In an expC- ment with an
initial dissolved CO2 conccntrntion of 59 mg/g senwater, hydrate f~rmed readily
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Wilh agitation al 4"C and 15.0 MPa. In conlrast, in another experiment at a lower ini-
tial dissolved CO2 level (44 mgjg seawater) hydrate did not form t similar cond\c-
lions. Howe:v\~r, hydrate W3.'I formed in this experiln.eu[ when ondjtiof1S wcrc
changed [0 s1mu..!3[e deepcr ocean depths (2"C, 27.2 MFa).. It was so noted in this
expl,:rimen:t that at higherprcssurcs [he bydrate mass became more ifficw[ «) detect
visu.1\lry. At 31 MPa tbe nydJ'ate mit.'iS could not be distinguished fr. m the seawater
phase. Brewer et fl1.. made the .same observation in cx:perrments at .650 m depth in
thc ()Cean.1

H)'dratt' Shell j;'ormation on CO) Dro/l;\.

A mode.! W;l$ developed in our previous work to estimate thi!; in tial and steady-
!it.tltc thicknesses of hydrate shells on C02drops.6 The model n.~sum d that the initial
thick.lleSS wa... determined by the degree of overstlwradonof me W tor sunound.in1i
the (lrop with C~ relative to tbe cquilibrium SAturation con~ ion, CH' at the
h)'drate equilibrium pressure at a gi\ten temperature. The excess CO colud ..l.ccunlU-
latc in tile walcr during the induction periOl:I commonly observed in ydratt: stUdies.
Since the amount ofdissu!vca C~ is Ii function ofpresstlTC, C H W{ uld be e~'\pccted
to dccrense with teUJperature in the hydrate .!onnauon regiilll., sinc lower hydrate
cqu.ilibriwn pressures are ;l$$ociated with decreasing temperature This has been
observed experimc.nlatly at 30 MPa, j

f\ftcr the initia.i forn1ation, our mode! as,sumed that the fuiekness fme shell was
governed by the rates of'diffusiou of the (:°2 through the hydrate sh 11 and diffusion
or Cl)nVecUtl.fl oj'dill$olved CO2 uwny from the hydrate.covered pa 'tiele. Based on
tne$t'. 11~'illmption$. the modcl predicts that the initia! hydrate she!! orming around
drops of CO2 injected into lhe deep ocean w(luld be U1in (less lhar 0.1 em lhi<;k).
Over timtt. in water unsaturalcd relative lO hydrate for.lhiug couoit ons, th" mode]
also predicts lhat ~t st~tb1e hyd.l"ate she.}.} lliickncss on the order of !O 1 to ..I 0-1 times
the rndiusof lhedrop will eventua..lly resoll. Thus, ba~ on this In. 1. rOt drop lIiy-cs
anticipated for (x;eau iujcction (up to about] -cm radius) the initialty fonned hydrate
IIbe11 should b~iComc thinner over time,

With tile HVVCit ill p<lKsible to inject drops {typically (),5 em to 1 0 cm diameter)
of CO2 into pressurued seawater using Ii high.pressure syringe pun. Such experi-
ments have shown U.lat drops of COi°nly Co-fIned a hydrate shelli sufficient dis-
solved CO2 is pTesent. j.11 lhe exj)erimefil described ~bove with ,an initial CO2
oonccn!Tation of 11.1. mg/g seawater. drops of CO;! were addtd an UJeir behavior
observed. T11e first .5<\veral drops introduce(j into the ,~cilw4ter p1illse at 2"C,
14.5 MPa dis$()lved with()ut u.Jrminhj.1 hydrate shell. Each addeddr pclncrcased the
dissotved CO2 COni:.l:ntratlou, When theconcenttation reached 51m CO.zlg seawa-
let, subsequent drops formed hydrate shells within s~vera.l seconds of..injection al
2"'C, .17.5 MPa. }\n.illu$tration of this phenomtnon is shown in FtOt.RE 1.

f'lOURE JA shows two dl'OP$ of1iquid CO2 resting al the top offu HVVC inune-
ciate]y prior lO hydrate she.!] formation. FtGURI!. .lB ",how\~ the hydr te Shell begin.
ning lO form on the low~r !~ftcorner of the drop.. Shell formation b"gan Ilt a single
point and r~pidly grew to completely enve!op tile drops. which c a.iesced during
thc procc$S, jn 1 to 2 scconds.. Others have a5sumedtl}st hy~lrate h~J.I fonnation
oceurs unifortuly across mc lIurface of the drop, growing ff~illl by te ctu.sters or



WARZ IN"V' -* f, D fl.,j',OC.", LN' S"" Q U )""' s "" r "" ll ~"" nI;' C"'" , .."". ". ll O'."'J "",. ",. "", " v,.. v"' vI

A

B

FIGURe: 1.. Images showing Ul<: formatiQu of a hydrate shell. on CO2
j rops in S(1ilwa..

tcr. The ceO i.\ fllU ofseawatcr at 2"C, 17.5 MPa, 'i11e object in the lowtfr p<1 fof the Ifftagcs

is an {'n~.(}n .-Jew 0(:1 g!ItS!i.-en('as~d magnetic S~f bu: ~a.t~1tS II din~et.et 0"0.01. rn In ll1c
upper nghl ,(,rner of each tmage LS an cJap!iCU ttme Inds;:,tUon !~ildillg Qut (J 0, I s.
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FIGURE 2. Imugcs showing U1C apparent thinning of n b}dr~ltc sheU. (Seb PltJ. !. cap
tion for ut.hcr information.) r
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cxystal!Jtes;5 however. our observJ:ltiofiS Oil hydrate-forming syste s thttt have just
attained sufficient dissolved CO.. do not show this to be the cas~. Hvdrtlte shell
fOffllation starts at a J>(}int. usually where contact to a foreignoojec ()C~ur$ (but n~t
alway,s a1\ in FIG. 1) and then rapidly advance1\ to envelop theentite..dr(!p~ A D.S.cm
to 1..0-cm diameter drop is typically enveloped in 1 s to 2 s. F.lGUR tC shows the
drop covered \\'ith a rough-textured hydrate shell. Over time the rex.t!lfCc l)\';Cl)me
smooUlef I)nd the drop assumed a nearly sphe:rical shape, indicari'" g that the shelJ
\'Iii" thinning with time, as predicted by our modt'J..

f\ilother mote dramatic cxample of a hydrate shell thinning with I.' " after initial
fommtion is shown in dle images contAined in FIGURE 2. In this xperiment, the
HVVC was at 2.4"C and 1.5.8 MPa.. The dissolved CO:J. concentrati n was approxi-
mately 6() mgig seawater at the timc the drop wa.'i injected.. The hydr te $helll'ortned
immedi3leJy and wa.~ thick enough 50 that its strength permitted tt.e ormation oflhe
long tubelike structure shown in F1GURE 2A.. \Vllhin seconds, howe f, the structure
began to expund lo a more sphcricaJ shape u.s shown in Fr<,uRE 2B, ikel.y due to the
thinning of the shell as it approached an equilibrrun:1 Ullckness. fl ,ORE 2C 'ih()wi!
l11is proces1\ has continued over a five-minute interval. This pnenOllcnon \\',tS pte.
dil;;t(~d by the modeling work sumlnan.zed above
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FIGURE ~t CO. dl'QP dissoultion data. Cont;lins ()UI' work in seawatCt' Aya's w(nx ir
resh waler, and thewor~ of ~i;$hi~JI""a ?it al.. in seawater, Ay;I's ob$t'tY t!{}O at approxi
nal1.'..Iv 7 w\'Ji, dis$awcd CO" 1$ rnd.lcatea by lhe sVU1b()! 'f.
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~1ft'ct of a Hj'dro..tl! .~heJl on CO2 Dr(tp Di,ssolutioIJ

The dissolution of COJ! drops in wati.~r and sC3water, witt! and ithout hyi.lrate
(ineUs, expressed as the rate of r3dinl dccrea;..e as a function of t'mperature, are
..Ilown in FIGURE 3, Our data were obtftinedduring the experiment ~..'th an initial <.l1S-
so!\'cd (:'Oi concentration of 44 mgig seaW;.1tcr. Measurements of adial snrinkcagc
\Vcre made from recorded video images, The pre£$ure w&£ maintain d near 17 MPa
duri!)g these observations, The first severAl drops ~"ere injected at 1.7"C ;md di::;,
Si.Hvcd without forming a hydrate $Ilell, The dissolution of these s increased mc
dissolved CO2 concentration to 51 mgig scuwatcr, The next drops ere introduced
at 2"'C and fOf1J1Cd a hydrate shel.! \vithin ::;c\'eral seconds of injectio .The formatic>u
of the shell caused a decline in the rate of r\1\dial shrinkage pf the rops of nearly
thf'CC orders in magllitude when cnm1,ared to d.iS$i.)!uuon in the abs'.ffce of hydr3te.
Additional me~S\If'eme.nts were made on the same hydrate-cover .I dr()ps over a
period of five d(rys at 2,5"C to 3.7"C :1S they sfowly disso.lved. ~e'-ufemCm$ werc
then made over the next twO da)l$ a$ U)e temperature was increme tany increased
to 8,,0"(-:. at which point these drops completely dissolved, 'IWonnal 'ops ",,'ert: then

, )'I(;URF: 4. Test section of Ill" LWTF wiu!. an air bubble siabilize,in a <I{)wnward
r.low trf Willer
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introduced at 8.I"C that dissolved without fonning a hydrate s ell. The data in
FIGURE 3 show lhallhe rate of shrinkage increased with tempera\ re, likely due to
thinning of the hydrate shell that was apparent in the visual 0 servations. The
hydrate slJe:lls at the lower temperatures were rough textured for ext nded periods \.1.f
timc indicating a greater shell thickness, wherellS at higher tempel lures the shells
became &m~)()th. The different slopes in our data also suggest that shells may IU)l
have thinned to It stcady state thickness d;uring the observation peTi )ds filthc lower

temperatures.
Data from other researchers are also shown in FIGUJ<E 3. The d ta of Aya were

obtained in a 32 L vessel at 30 MFa in fresh water.s Nishikawa et aJ ,obtained their
data i~ a 16.7 L vessel at 30 MPa in artificial seawater rccirculaloo t different flow
ratc5.9 The two data points of Nishikawa et aI. shown in FIGURE 3 re obtained by
extrapolation to zero flow. N~ither investigator mentions dissolv CO2 content,
except that Aya Ilotes one observation in water with about 7 wt% C 2'

Previous investigators did not always indicate the levels, if any, 0 dissolved CO2
prescrn in their studies. Based on the reslllts re~rted her~, this info alion should
be provided by investigators in future. l11c data in FIGURE 3 !ihow ramatlc differ-
encci', not only in the rates of radial decrca.~e, till! also in the relat ve differences

Position from Center, m m

nGURE 5. E:~ample of Ihe me"!iurcu vcl.>ciIY pf{)fiJc ,Icro~.. the vic\!"ing ,~ (;tion of the

LWTP, The m.:asurcu1euts were made with un S-type pi tot tube cunslrueted f .1/16" dia

stainless steel tubing and hou~ within a 3116" lube. The pitm tube "'as tran lated I\cros.~
the b<)re using a stepper ffi()tor under ronllC.! of a computer \!"hich also l:olJecte 5.000datn
!XMnts during the transverse, Calibralion af the probe was achieved by timed illye Gis.
pf.aCJ:.mcnlmca~ure merns-
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between drop,s wi.th itnd without hydrate. especially al Ule )ower le
~ 'nperaturcs. The

different pressures. drop sizC8,altd ve88el configuraliOfls IIndoub~t ly arc involved.

Our vc$$cl had a much smaller volume Ihat) the othcrs, whtC would pcn11U
dissolved CO2 levelll t\1 more rapidly equilibrate.

Devel()pment of a ~~dter TulllleJFacility

Tt} more accurnteJy .sln1ulate CO2 in t!1C (xeanic wat.er column. a high-ptes&ure
water runnel facility 1sbeing buih In our laboratory. The device wil pennit stahiJi-
zation of rising or sinking CO2 drops in a visual observation area Co exiellded I>eri-
ods of linle using a countercurrent now of water or seawater t Uowing design
principles cstahli.'$hed in the literature. 10.1 I In Utis device, as in thc can, a drop will

not touch a COnt.'lUlment structure but will encounter only the fluid p' 3Se while being
subjected to ,hanging conditions of temperature, pressure. and dissolved CO2
l~Ol1ten.t. giving a more accurate simulation or tbe drop's journey..in e ocean water
colu!nff.

A .I(}w-pressure water tunnel fac.ility (LWTA has becn constmc ed for t.he pur-
{}(}SC of refining design geoJJletries or t.he viewing section and ll- conditioning
elements, to ~1ennit. st:lbili7~ti()n of the drop in both the radial and ial. dit.ections.
111 initial eXpl:rilllCnrs, ait bubbles and plaslic $phcres of varying sity ,,"'ere suc-
ce$s.i'uJJy stabilized in a counte.rl:urrcnt flow of water. FIGURE 4.1.", s an air bubl»e
that. l1as been stabilized in the LWTP. Such bubbles have been. stabilized and
oDiierved for severa.l hours. FIGURE .) shows an example of the vewc ty profi1e n.1ea.
£ured tlcro.~s the center of thc viewing section, The velocity minim m in the c<mter
of the viewing section provides {or radial sulbilization of the object Furttter refine-
ment.s in the design are being made to optimize stabi.lizatl(}fI at the s ower flow rates
needed l()r objects that wou)dhavc densit.iesc)oser to that of compre dliquid CO2-
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